INTRODUCTION {#sec1-1}
============

Reverse total shoulder arthroplasty (RTSA) is a popular treatment for rotator cuff tear arthropathy and other painful shoulder conditions in which the rotator cuff is deficient. Scapular notching is an important complication that occurs in up to 96% of patients\[[@ref1][@ref2][@ref3]\] and has been correlated with poorer clinical outcomes, chronic inflammation, osteolysis, and early prosthesis failure.\[[@ref2][@ref4]\] The exact cause of scapular notching and methods for preventing this complication are poorly understood. Recently, investigative work has focused on delineating the various implant related factors influencing the incidence of scapular notching.\[[@ref1][@ref5][@ref6][@ref7]\] Earlier studies have demonstrated anatomical variations in the anatomy of patient scapulae and the influence that patient anatomy has on the development of scapular notching.\[[@ref4][@ref8]\] These studies have demonstrated that there is no one-size-fits-all approach to RTSA that will provide an optimal impingement free range of motion.\[[@ref1][@ref4][@ref8]\] Scapular neck length (SNL) or the lateral offset of the humerus from the glenoid, has been shown to have a large influence over the rate of scapular notching.\[[@ref5][@ref6]\] Frankle *et al*. have shown in numerous studies, both clinically and in the laboratory that lateralization of the humerus dramatically reduces the rate of scapular notching.\[[@ref6][@ref9]\] Recently, Paisley *et al*. have demonstrated significant variability in SNL in a small series of patients.\[[@ref10]\] However, there are currently no studies that have characterized the variations in SNL in a large body of human specimens.

The purpose of this study is to characterize the SNL in a large body of patient scapulae using the Haman-Todd Osteological Collection, one of the largest osteological collections of complete human skeletons in the world. We hypothesize that the ability to understand the variations in SNL across a population of patients will enable us to minimize scapular notching by incorporating SNL measurements into the reconstruction plan of patients undergoing RTSA\'s. Our secondary hypothesis is that measurements of the SNL and scapular neck angle (SNA), using defined anatomic landmarks, would be reproducible between investigators, and that these measurements would differ considerably between individuals.

MATERIALS AND METHODS {#sec1-2}
=====================

For the purposes of this study, we obtained 442 dry human scapulae from the Hamann-Todd Osteological Collection, which is housed in the Cleveland Museum of Natural History (Cleveland, OH). This collection contains over 3000 complete disarticulated human skeletons that were preserved and prepared by Case Western Reserve University School of Medicine faculty from unclaimed remains at the Cleveland city morgue between 1912 and 1938. Scapulae were randomly chosen from the collection. Inclusion criteria included adult human skeletons, age 18-65, with intact bilateral scapulae. Exclusion criteria included pediatric skeletons, those with damaged or missing scapulae and those skeletons without a bilateral set. Digital photographs of scapulae using a standardized posteroanterior view were obtained, which was chosen based on work by Handling *et al*.\[[@ref11]\] who described the insertion of the long head of the triceps on the posterior lateral portion of the scapula at the infraglenoid tubercle. For the purposes of photography and measurement, the scapula was positioned at a standard distance from the camera lense. Specifically the scapula was positioned along the craniocaudal axis to allow the glenoid fossa anterior and posterior margins to be flush and parallel to the camera. The scapula was positioned along the medial-to-lateral axis so that the entire glenoid fossa could be visualized free of obstruction from the acromion. SNL was defined as the distance from the most lateral portion of the infraglenoid tubercle to the most inferolateral portion of the glenoid fossa \[[Figure 1](#F1){ref-type="fig"}\]. The infraglenoid tubercle was consistently found in a location that could be alternatively located by following the topographical change at the neck-body junction that coursed inferiorly from the spinoglenoid notch to the most lateral extent of the infraglenoid tubercle \[[Figure 2](#F2){ref-type="fig"}\]. This was used as an additional criterion for location of the tubercle if its location was not immediately obvious. The SNA, as defined by Simovitch *et al*.,\[[@ref4]\] was measured as the intersection of a line parallel to the face of the glenoid and a second line between the inferior glenoid rim and a point 1 cm along the inferior border of the scapula.
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The mean, standard deviation, and ranges for SNL and SNA were calculated and compared between groups based on sex and race using a Student\'s *t*-test. A single examiner performed all digital measurements using standard ImageJ NIH type software. Interobserver and intraobserver reliability for scapular neck measurements were performed by four of the authors in order to determine the validity of our measurement protocol using the intraclass correlation coefficient. Significance for all statistical tests was set at *P* \< 0.05.

RESULTS {#sec1-3}
=======

Our study population consisted of 221 cadaveric specimens (188 male, 33 female) of mean age 45.1 years at the time of death. 165 specimens were Caucasian, and 56 were African-American \[[Table 1](#T1){ref-type="table"}\]. The scapular neck could be measured bilaterally in all specimens, for a total of 442 scapulae measured. The mean SNL for our study cohort was 10.6 mm ± 3.3 mm (range 3.7-24.3 mm). The mean SNL for the left scapula was 10.4 mm ± 3.4 mm, and the mean SNL for the right scapula was 10.7 mm ± 3.5 mm (*P* \< 0.36). Males had a slightly larger SNL (10.8 mm ± 3.3 mm) than females (10.1 mm ± 3.2 mm), which was not statistically significant (*P* \< 0.12). Caucasians had a larger SNL (10.9 mm ± 3.3 mm) than African-Americans (10.0 mm ± 0.32) that was statistically significant (*P* \< 0.01). Intra-observer reliability for the measurement of SNL was 0.973, and inter-observer reliability was 0.856 (95% confidence interval \[CI\] = 0.716-0.937).

###### 

Demographics of specimens
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The mean SNA was 106.7° ± 11.0°, and ranged from 76.9° to 139.4°. The mean SNA for the left scapula was 107.1° ± 10.3°, and the mean SNA for the right scapula was 106.3° ± 11.5° (*P* \< 0.29). Males demonstrated a mean SNA of 106.5° ± 10.7°, and the mean SNA for females was 107.3° ± 12.6° (*P* \< 0.59). The mean SNA for Caucasians was 107.2° ± 11.1°, and the mean for African-Americans was 105.3° ± 10.7° (*P* \< 0.10). Interobserver reliability for the measurement of SNA was 0.682 (95% CI = 0.348-0.861), and the intraobserver reliability was 0.681 (95% CI = 0.363-0.859). No significant correlation was found between SNL and SNA (Pearson Correlation Coefficient = 0.018) (*P* = 0.702) \[[Figure 3](#F3){ref-type="fig"}\].
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DISCUSSION {#sec1-4}
==========

We have performed the largest anatomic study of scapular neck morphology using 442 dry cadaveric specimens from an osteological collection, and we report the mean and ranges for the SNL and SNA with respect to sex and race. Our hypothesis that these measurements would be reproducible between investigators was confirmed, as was our hypothesis that significant differences in SNL and SNA would be identified. The relationship between race and sex demonstrated that the SNL was insignificantly larger in males and significantly larger in the Caucasian population. However, the absolute value of these race and sex differences were quite small, making this finding difficult to interpret, and creating a need for the future follow up studies.

The anatomy of the scapula has long been of interest to shoulder surgeons, but few anatomic studies have been performed in order to identify differences within the population that may impact the treatment of shoulder pathology. Multiple studies have discussed the wide variation in glenoid morphology,\[[@ref6][@ref12][@ref13][@ref14][@ref15]\] especially as this relates to traumatic and degenerative disease. However, although SNL and SNA have both been implicated as contributing to complications and functional outcomes after reverse shoulder arthroplasty,\[[@ref2][@ref4][@ref16]\] ours is the first study to define the population means and ranges for these parameters. Torrens *et al*.\[[@ref17]\] previously measured the SNL of cadaveric specimens using a reference from the most inferolateral edge of the glenoid fossa to the most lateral extent of the posterior column to define the SNL. However, our analysis of the scapula demonstrated significant variability in determining the lateral extent of the posterior column. Our study instead demonstrated a consistent finding of the infraglenoid tubercle from the posterior view, and we propose this functional SNL should be defined as the portion of the lateral border of the scapula from the most lateral edge of the infraglenoid tubercle to the most inferolateral edge of the glenoid fossa \[[Figure 1](#F1){ref-type="fig"}\]. As stated by Middernacht *et al*., the majority of scapular notching occurs in the first cm of the scapular neck\[[@ref8]\] which appears to be related to the position of the infraglenoid tubercle. A far lateral infraglenoid tubercle implies a shorter functional SNL and an increased propensity for scapular notching.

Our study has established population norms for SNL and SNA using a large sample size, and based on the wide variation in these parameters, greater customization in RTSA design may be necessary. We found SNL to be highly variable among specimens, with a minimum of 3.7 mm and a maximum of 24.3 mm, which represents more than a 6-fold difference in SNL within our population \[[Figure 4](#F4){ref-type="fig"}\]. The variability of SNA within our population was also high, with a large range of 76.9-139.4°. In the setting of RTSA, previous studies have postulated that acute angles, or superior tilting of the glenosphere, can lead to increased scapular notching and early prosthesis failure while large angles, or inferior tilting of the glenosphere may be protective against scapular notching.\[[@ref4][@ref7][@ref18][@ref19]\] One can propose that patients with a short SNL, an acute SNA or a combination there of may be prone to scapular notching. It can also be hypothesized that using a lateralized RTSA design in a patient with a long scapular neck may excessively lateralize the scapulohumeral articulation, leading to increased risk of acromial stress fracture. Comparatively, for patients with a short SNL, others have lateralized the center of rotation using bone graft or a lateralized RTSA design,\[[@ref5][@ref9][@ref20]\] which may lead to greater external rotation, improved deltoid contour, and diminished notching.\[[@ref21]\] It is likely that the SNL and the SNA plays a large role in scapular notching, and should be taken into account when planning for RTSA. Greater customization of RTSA implants would help surgeons better fit patients based on their native anatomy, which may improve clinical outcomes and reduce complications.
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Limitations of the present study relate to its design using cadaveric specimens, which limits the conclusions that may be drawn regarding the function of these shoulders in daily life. It is unknown whether any of these persons may have had shoulder pain or other issues related to their anatomy. In addition, our study population contained only African-American and Caucasian specimens, which limits the conclusions that may be drawn regarding other ethnicities. Future studies may analyze the impact of SNL and SNA on scapular notching, range of motion, and functional outcomes using different implant designs, as well as develop optimal imaging techniques to better assess preoperative scapular anatomy for use in surgical planning.

CONCLUSION {#sec1-5}
==========

A wide range of SNL s and SNAs were observed in our study population, and only small differences were noted based on sex and race. The anatomy of the scapular neck may have significant implications for RTSA design and surgical planning, and greater attention to matching a patient\'s native anatomy may ultimately reduce the incidence of complications such as scapular notching.
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